Drought is a common phenomenon in the Limpopo River basin. In essence, droughts are long-term hydro-meteorological events affecting vast regions and causing significant non-structural damages. In the interest of riparian states' joint integrated water resources development and management of the Limpopo basin, inter regional drought 5 severity and its impacts should be understood. The study focussed on case studies in the basin which is subdivided into four homogeneous regions owing to topographic and climate variations based on the previous work of the same authors. Using the medium range time series of the Standardized Precipitation Index (SPI) as an indicator of drought, for each homogeneous region monthly and annual Severity-Area-Frequency 10 (SAF) curves and maps of probability of drought occurrence were constructed. The results indicated localized severe droughts in higher frequencies, while only moderate to severe low frequency droughts may spread over wider areas in the basin. The regionlevel Drought-Severity Indices can be used as indicators for planning localized interventions and drought mitigation efforts in the basin. The approach can also be used 15 to develop improved drought indicators, to assess the relationship between drought hazard and vulnerability and to enhance the performance of methods currently used for drought forecasting. Results on the meteorological drought linkage with hydrological and vegetation or agricultural drought indices are presented as means of validation of the specific drought regimes and their localized impact in each homogeneous 20 region. In general, this preliminary investigation reveals that the western part of the basin will face a higher risk of drought when compared to other regions of the Limpopo basin in terms of the medium-term drought. The Limpopo basin is water stressed and livelihood challenges remain at large, thus impacts of droughts and related resilience options should be taken into account in the formulation of regional sustainable wa-25 ter resources development strategies. This study is exciting in the manner that the variations in the sub-basin drought severities are revealed and are used to suggest the corresponding drought monitoring and management strategies. This will have an 200
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Introduction
Differences in hydrometeorological variables and socioeconomic factors as well as the 5 stochastic nature of water demands in different regions around the world have become an obstacle to having a precise definition of drought (Mishra and Singh, 2010) .
There are a number drought classifications provided by the scientific community. Mawdsley et al. (1994) defined two classes or types of indicators, namely the environmental indicators and water resource indicators. According to Mawdsley et al. (1994) , 10 environmental indicators are those hydro-meteorological and hydrological indicators, which measure the direct effect on the hydrological cycle. The nature of the water deficit might be related to precipitation, streamflow or soil moisture. These indicators can help in identifying the duration and/or severity of a drought and can be used to analyse the drought frequency. Environmental definitions usually determine the degree of 15 departure from average conditions. On the other hand, water resource indicators measure severity in terms of the impact of the drought on the use of water in its broadest sense, for example, impact on water supply for domestic or agricultural use, impact on groundwater recharge, abstractions and surface water levels, impact on fisheries or impact on recreation among others. This implies that an element of human interference 20 as an increased water demand or mismanagement of water supply, as well as a lack of rainfall or runoff determines the drought.
Other definitions, provided by Wilhite and Glantz (1985) consider drought into conceptual and operational types. The former, conceptual definition refers to definitions formulated in general terms not applicable to current or real time drought assessments.
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The latter, operational definition encompasses definitions attempting to identify the onset, severity and termination of drought episodes. In some publications (e.g. Tallaksen, 201 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | 2000; Tate and Gustard, 2000) the definition of operational drought is applied equivalent to water resource indicators, and therefore not consistent with the broad definition provided by Wilhite and Glantz (1985) .
Other classification methods are also available for drought based on a disciplinary perspective such as in Dracup et al. (1980) , in which droughts are related to precip-5 itation (meteorological), streamflow (hydrological), soil moisture (agricultural) or any combination of the above three categories. A more elaborate and similar classification can be found in Wilhite and Glantz (1985) , where four categories are identified as follows (Hisdal and Tallaksen, 2000) :
1. meteorological drought: it is usually an expression of precipitation's departure 10 from normal over some period of time. It is one of the primary causes of a drought. Several studies have analyzed droughts using monthly precipitation data (Mishra and Singh, 2010) . Other approaches analyze drought duration and intensity in relation to cumulative precipitation shortages (Estrela et al., 2000; Chang and Kleopa, 1991 The first three groups could be defined as environmental indicators, the last group as a water resource indicator . Droughts are usually indicated by drought indices, the most commonly-used meteorological drought indices are: (1) rainfall deciles (Palmer, 1965 (Palmer, , 1968 ; (2) time scales and evaluations of the impact of drought on the availability of water resources, the standardized precipitation index (SPI) was considered as a prior drought index to construct Severity-Area-Frequency (SAF) curves and was also in Alemaw et al. (2013) . Droughts are of great importance in the planning and management of water re-5 sources especially in the water scare basins such as the Limpopo basin. The objectives of this manuscript are to understand drought regimes and implications of drought to sustainability of agricultural use and crop production under rainfed conditions referring to the Limpopo basin as a case study. Specifically, the manuscript focuses on:
(1) drought characterization, drought regionalization from SPI, drought severity indices
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(DSI) and drought Severity-Area-Frequency (SAF); (2) sustainability analysis of crop resilience using soil-moisture accounting water balance model; and (3) analysis of crop production impacts with ensembles of historical climate. This study was conducted as part of the EU funded project on Improved Drought Early Warning for Adaptation and Preparedness in Africa (DEWFORA). An overview of 15 results thus far has been documented recently in Werner et al. (2013) .
Study area and data
The Limpopo River basin which falls grossly between [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] • E and 19-27
• S, and it is one of the largest river basin in Southern Africa with average rainfall of 530 mm per annum and is home to 14 million inhabitants. The Limpopo River basin drainage area is 20 413 000 km 2 , and drains through four riparian countries: Botswana, Zimbabwe, South
Africa and Mozambique. Precipitation data with monthly time scale of some 94 stations within the region were collected. The common record length of the stations spans from 1950 to early 2010s which is adequate for drought-related study. The FAO CLIMWAT database was used 25 to extract median monthly precipitation data for stations where no national data was available for the study, mainly Zimbabwe and South Africa ( For those stations with monthly time series of precipitation data, the drought duration and SPI were extracted for 1, 3, 6, 9, 12 and 24 month durations to derive drought severity indices.
Simulations of daily and seasonal soil moisture through crop-specific water balance modelling and calculations were also undertaken for selected sites to derive various 5 drought indices to analyse drought and its implications to agriculture as well as rainfed crop sustainability presented through the various cases studies presented in the different sections as follows.
Crop and agronomic data for selected crops were used from Region 3 and daily and seasonal soil moisture were based on crop-soil-water simulations of 1961-2003 10 long-term meteorological variables especially using soil moisture accounting crop specific (SMACS) model (Alemaw et al., 2006) . For studying agricultural drought impacts agricultural yield data were collected for typical agricultural districts in Region 3.
The Limpopo basin is also characterised by missing or poorly coordinated and documented data and information on hydrological infrastructures such as reservoirs (Mu-15 lengera et al., 2012) as such this study only considers impacts on hydrological drought where adequate information could be gathered.
Methodology

Drought regions of the Limpopo basin
A spatial analysis of drought characteristics in the Limpopo basin is undertaken to eval-20 uate its regional implications to water management challenges. In this study, drought duration, frequency and severity are investigated. The entire Limpopo River basin is subdivided into different four homogeneous regions owing to topographic and climate variations in the basin which was based on K-Means Clustering algorithm (Alemaw et al., 2013) . The Fuzzy C-Means (FCM) clustering, employed for this purpose, is , 2007) to include grouping of sites using the clustering algorithm. Factors that affect annual rainfall and seasonal variability considered in the study and used for clustering are: elevation, longitude, latitude and median monthly rainfall.
The algorithm assumes that the attributes are from a vector space and is targeted to achieve a minimized total intra-cluster variance function, D v is given as (Zhang et al., 5 2009; Sadri and Burn, 2011) :
Where c k is the centroid point of all the points in cluster k; N the total number of clusters; S k the set of points in the kth cluster; x j the standardized vector for site j . The FCM algorithm is initiated with an initial set of k groups and then it calculates the 10 centroid point of each set within a cluster. A detailed account of the process followed is available in (Alemaw et al., 2013) .
The same authors also constructed drought Severity-Area-Frequency (SAF) curves for short and medium term SPI indices. Precipitation data of 94 stations in the Limpopo basin were used in determinining the four drought regions cited in the avove literature.
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The stations used and the drought regions are illustrated in Fig. 1 .
The Standardized Precipitation Index (SPI) was developed and widely applied for the purpose of defining and monitoring drought (McKee et al., 1993) . The practical application of this index is evident from different users which depend on the SPI to monitor current states of drought amongst them are the European Drought Center, 20 the US Colorado Climate Center, and the US National Drought Mitigation Center. SPI can be used to track drought on multiple time-scales and it the index is flexible with respect to the period chosen. For instance, the US National Drought Mitigation Center computes the SPI with five running time intervals, namely: 1, 3, 6, 9, and 12 months. The desired intervals can be chosen depending on the purpose of the drought impact 25 study. The use of SPI over the traditional PDSI is advocated by the US National Drought Mitigation Center and the US Western Regional Climate Center (Redmond, 2000) . 205
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | For each region, Drought Severity Indices were obtained from drought intensity and duration considering the SPI. In the study reported in Alemaw et al. (2013) , the theory of runs (Yevjevich, 1967 ) was adopted to determine properties of droughts. Based on the classification of drought, the truncation level was held as −0.99 in this runs analysis. A hydrologic drought event is considered as an event during which SPI is continuously 5 below the truncation level. Drought duration is the period of time when SPI is continuously below the truncation level and drought severity is the cumulative deficit below the truncation level for the duration of a drought event. Drought categories were set from calculated Standardized Precipitation Index (SPI) based on the criteria shown in Table 1 . Computation of the SPI involves fitting a Gamma probability density function to 10 a given frequency distribution of precipitation totals for a station. The parameters of the Gamma probability density function are estimated for each station, for each time scale of interest (1, 3, 6, 9, 12 months, etc.) , and for each month of the year. This procedure is widely used and illustrated in Loukas and Vasiliades (2004) .
Drought and its impact on sustainability and resilience of crop
production
Major drought and its impacts can be manifested in the way it affects soil moisture and crop production in general. The primary impact in the sustainability of rainfed systems is understood through simulation of daily and seasonal simulations and soil moisture modelling coupled with risk analysis of various crops under rainfed systems. A recent 20 account of how risk, resilience, vulnerability indices are used and the concepts applied is presented in a case study site within Limpopo (Region 3), as presented in Alemaw (2012) .
There is clear evidence showing that soil fertility constraints often constitute the primary limiting factor to crop growth in drylands (Klaij and Vachaud, 1992) . Drought impact can be assessed using crop-soil-water simulations of longterm meteorological variables especially using soil moisture accounting crop specific (SMACS) model (Alemaw et al., 2006) . More recent studies focussed on the assessment of availability 206 of soil moisture, which is an integrating variable for the underlying hydroclimatic and agronomic factors of rainfed agricultural areas (Alemaw, 2012; Hlavinka, et al., 2011; Jones et al., 2003) . The risk level for sustenance of rainfed systems can be determined as a probability at which soil moisture (S) drops below a given moisture threshold (SWP +dt) during the crop's length of the growing period (LGP). The risk factor, r, for 5 the entire growing period (simulation period) of crops under rainfed conditions can be calculated as defined in Alemaw (2012) :
Where n is the number of days in which actual soil moisture S, drops below the critical soil moisture threshold (SWP + dt) during the total number of days (T ) of the entire 10 cropping period. In a period of years of analysis considered, T in days becomes the product of the number of the simulated years and the length of the growing period (LGP) in days. The risk factor here is the same as the probability of failure which refers to the proportion of days to the total number of days or the length of the growing period (LGP), 15 within which the simulated soil moisture drops below the amount which is set at p times the readily available soil moisture content (S FC −S WP ), where the subscripts FC and WP for the moisture content S represent the field capacity and wilting point, respectively. If other agricultural conditions such as land management and nutrient availability are not altered, then this risk factor integrates the prevailing hydroclimatology, soil mois-20 ture availability and crop-soil-water conditions, to assess sustainability of various crops under rainfed conditions.
For assessment of soil moisture reliability and sustainability of rainfed systems, we recommend a set of indices that are used as quantitative measures, details of which are presented in Alemaw (2012) . The indices measure reliability, risk of failure and re-25 silience for classifying and assessing the sustainability of rainfed agricultural systems. Reliability is a measure of frequency or probability that a system is in a satisfactory state meeting a given criterion. Resiliency generally indicates a measure of how quickly 207
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | a system recovers from shocks or failures when these have occurred. The computational scheme for these indices in this study is almost similar to that of Hashimoto et al. (1982) , Maier et al. (2001) , and Fowler et al. (2003) , specifically tailored for analyzing risks and sustainability of rainfed systems in addition to the fact that a different criterion was set.
5
Defining a criterion (C) as the minimum required soil moisture from a rainfed agricultural system, the daily soil moisture depth (d t ) can be classified as a satisfactory state (A) or a failure state (B), i.e.,
Where Z t is a generic indicator variable. The daily available moisture content simulated in the Soil Moisture Accounting Crop Specific (SMACS) model (Alemaw et al., 2006 ) was used as a criterion and, thus, system failure occurs when soil moisture is below the criterion at any given day. The criteria can be moisture depth d t being below p(S FC − S WP ), where p is chosen soil moisture factor such as 0-30 % which is a lim-
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iting moisture factor in relation to the soil water holding capacity of the soil (WHC) or available soil moisture content (WHC = S FC − S WP ) of the soil.
Assessment of agricultural drought
Agricultural drought, besides the challenges of soil moisture impacts can be explained in terms of sustainability of rainfed crop production systems and crop productivity. One 20 needs to undertake detailed investigations of agricultural droughts to understand crop production systems -based on agricultural statistical data analysis as well as cereal yields. Other important aspects include: livestock production systems; state of cattle feed supply; biomass and grazing land availability; animal feeding balance; and imports of animals and animal products such as milk.
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The most obvious agricultural impact of drought can be studied using the water requirement satisfaction index (WRSI) which is relatively a relevant index to monitor 208
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | agricultural drought. WRSI is an indicator of crop performance based on the availability of water to the crop during a growing season. The WRSI was generated by a crop water balance model, SMACS model. SMACS stands for Soil moisture accounting crop specific model as documented and further elaborated in Alemaw et al. (2006) . It was applied using the following criteria.
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Within the SMACS model, WRSI was calculated as the ratio of seasonal actual evapotranspiration (ETa) to the seasonal crop water requirement (WR) i.e. WRSI = (ETa/WR)100 (4)
In which WR is reference crop evapotranspiration (ETo) calculated from the PenmanMonteith model using the crop coefficient (Kc) to adjust for the growth stage of the crop, WR = ETo · KC. Whereas, ETa represents the actual amount of water withdrawn from the soil water reservoir where shortfall relative to potential or reference evapotranspiration (ETo) is calculated by function that takes into account the amount of soil water in the reservoir. Soil water content was estimated through simple mass balance equation where the total volume was defined by the water holding capacity of the soil.
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4 Results and discussions
Drought regions of the Limpopo basin
Drought characteristics for each of the four regions illustrated in Fig. 1 are studied based on the Severity-Area-Frequency curves for each homogeneous region (Alemaw et al., 2013) . The regional distribution in terms of the mean of the regional drought 20 severity is illustrated in Fig. 3 . As illustrated, the droughts corresponding to the short-, medium-and long-term periods are of great importance for devising different water resource management strategies in the different regions. In this case, the SeverityArea-Frequency analysis for each homogeneous region corresponding to the short-,
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | medium-and long-term drought show that when there occurs a severe drought, the drought events may have impacts on the entire Limpopo River basin. A typical drought severity index (DSI) and its areal extent (Severity-Area-Frequency, SAF) of Region 3 is presented in Fig. 2 . Figure 2 shows the 2, 5, 10, 20, 50 and 100 yr return period or drought frequencies based on SPI-3 (three-month SPI). The localized severe droughts in higher frequencies, while only moderate to severe low frequency droughts spreading over wider areas in this region, which represent one of the most drought-prone part of the Limpopo basin. This can be seen from the basin wide summary of drought severity indices presented in Fig. 3 that illustrate droughts of short and longtern time scales of SPIs of 1, 3, 6, 9, 12 and 24 months. 
Meteorological drought impact on sustainability and resilience of crop production
Daily simulations from climatic data of 1961-2001 were made for two districts in Region 3 of the Limpopo basin, considering commonly grown crops: maize, sunflower, and sorghum. For the same crop generally Bobonong District displayed slightly higher 20 risk, lower reliability and higher resilience compared to Palapye. Risk, reliability and resilience of maize simulated from the entire 1961-2000 daily record and taking the actual cropping length, at available soil moisture factor, p = 10 % for Palapye District and Bobonong Districts, two regions located in drought Region 3, is shown in Fig. 4 . It can be noted that there is no marked difference in the drought sensitivity of maize in both the districts which is regularly affected by drought and more or less similar drought severity exposure spreading in the this particular region. In this region, other crops considered, sunflower, and sorghum, have different degrees of drought sensitivity as 210 presented in Alemaw (2012) . Similarly, the study cab be extended to the other drought regions of the Limpopo basin in order to quantify the extent of drought impact and sensitivity of crops in the different agroecological settings of the basin.
Assessment of agricultural drought in the Limpopo basin
The impact of agricultural drought on crop production can be largely expressed by 5 yield reduction. For this, yield reduction due to water deficiency was computed within SMACS model software. Yield reduction was calculated from water balance output combined with an empirical formula developed by Doorenbos and Kassam (1979) , Gardner et al. (1981), and Hsiao (1973) :
10 in which A is the actual evapotranspiration, B is the total water requirement without water stress, and Ky is a crop dependent stress indicator. The agricultural statistics database mainly for Region 3 was also used to analyse the implications of drought to crop yield. Figure 5 shows a variation of national crop production and its yield. It can be clearly evident how the droughts of 1986-1987, 15 1994-1995 and 1999-2000 have affected agricultural yield. It can also be noted that the consequence of a particular drought year will have a pronounced effect in that year's or later year's yield.
From Fig. 5 , especially in Region 3, it can be noted that there have been decline in both annual grain production as well as their productivity per hectare at more or 20 less in cycles and intervals of five to ten years. The impact of the drought on declining agricultural production in this region especially the drought impacts of the 1985-1986 and 1994-1995 can also be traced back to the wider regional impact of drought as depicted in the DSI and SAF plot shown in Fig. 2 . 
Conclusions
The study focussed on drought-related case studies in the Limpopo basin. First, it was established that the basin is subdivided into four homogeneous regions owing to topographic and climate variations based on the previous work of the same authors. Using the medium range time series of the Standardized Precipitation Index (SPI) as an in-5 dicator of drought, for each homogeneous region we produced monthly and annual Severity-Area-Frequency (SAF) curves and maps of probability of drought occurrence. The results indicated localized severe droughts in higher frequencies while only moderate to severe low frequency droughts may spread over wider areas in the basin.
At regional level, the drought severity for each homogeneous region corresponding to the short-, medium-and long-term drought are presented and marked differences in drought severity is evident for the various regions. The region-level Drought-Severity Indices were further used as indicators for assessing drought impacts in the region. In a detailed analysis of soil moisture availability and rainfed production systems were also used as proxy indicators of drought impacts in the basin by focussing on 15 each homogeneous region. It is evident that droughts and their severity investigated from SPI analysis were also having a link to agricultural production declines. In general, this preliminary investigation reveals that the western part of the basin will face a higher risk of drought when compared to other regions of the Limpopo basin in terms of the medium-term drought. The Limpopo basin is water stressed and livelihood challenges 20 remain at large, thus impacts of droughts and related resilience options should be taken into account in the formulation of regional sustainable water resources development strategies. . Crop production and yield data (Region 3); The production in Mt is a combination 3 rainfed crops produced namely: sorghum, Maize, millet, pulses, Sunflower and Groundnuts, 4 among others. 5 Fig. 5 . Crop production and yield data (Region 3); the production in Mt is a combination rainfed crops produced namely: sorghum, maize, millet, pulses, Sunflower and Groundnuts, among others.
